Introduction
Strontium-90 (Sr-90) discharge from past-practice liquid waste disposal sites in the Hanford 100-N Area have resulted in Sr-90 release to groundwater, Columbia River, and biota on the Columbia River bank. Although liquid discharges were terminated in 1993, Sr-90 adsorbed on aquifer solids remains as a continuing source to the Columbia River. Due to Sr-90 radioactive decay and adsorption, only the Sr-90 within 328 meters (100 feet) of the river bank is at risk of discharge to the river, so the inland pump-andtreat system (at a cost of $1 M/yr) that removes Sr-90 does not reduce potential discharge to the river and, therefore, does not meet the remedial action objectives of the record of decision (ROD). A treatability test plan is in place to install a 90-meter (300-foot) apatite permeable reactive barrier (PRB) test wall near the shore in FY 2006. The proposed treatability test for the treatment technology is consistent with the requirements and remedial action objectives of the ROD for Interim Action issued in 1999 (Thompson 2005) . Sr-90 sequestration by this technology occurs by injection of Ca-citrate-PO 4 solution, in situ biodegradation of citrate resulting in apatite [Ca 6 (PO 4 ) 10 (OH) 2 ] precipitation, adsorption of Sr-90 to the apatite, then apatite recrystallization with Sr-90 substitution for Ca (permanent) with the natural radioactive decay of Sr-90. Laboratory-scale studies have quantified the sequential processes of this technology in 100-N Area sediment. The current implementation plan is to inject a low concentration (10 mM citrate) apatite-forming solution, which should result in sufficient removal capacity of Sr-90 for ~10 years followed by higher concentration injections to develop further capacity. Because most (50% to 70%) of the Sr-90 contamination is in the shallow, variably saturated Hanford formation, the most efficient means of treating this zone may be surface infiltration of the apatite-forming solution, but there has been no development of this technology for vadose zone application.
We propose to develop an infiltration strategy that defines the precipitation rate of an apatite-forming solution and Sr-90 sequestration processes under variably saturated (low water content) conditions. We will develop this understanding through small-scale column studies, intermediate-scale two-dimensional (2-D) experiments, and numerical modeling to quantify individual and coupled processes associated with apatite formation and Sr-90 transport during and after infiltration of the Ca-citrate-PO 4 solution. Development of capabilities to simulate these coupled biogeochemical processes during both injection and infiltration will be used to determine the most cost-effective means to emplace an in situ apatite barrier with a longevity of 300 years to permanently sequester Sr-90 until it decays. Biogeochemical processes that will be investigated are citrate biodegradation and apatite precipitation rates at varying water contents as a function of water content. Coupled processes that will be investigated include the influence of apatite precipitation (which occupies pore space) on the hydraulic and transport properties of the porous media during infiltration.
The regulatory milestones include a proposed Tri-Party Agreement change agreement consistent with objectives of the ROD (Thompson 2005) to emplace (i.e., inject using wells) apatite in the 100-N sediments and evaluate its performance against other alternatives (i.e., infiltration of apatite solution, phytoremediation) including pump-and-treat technologies and submit a draft Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) proposed plan in March 2008. Therefore, the technology insertion point of apatite infiltration (this proposal) to develop the technology is driven by the March 2008 milestone to evaluate alternative technologies. There were three workshops open to the public (including representatives of several Indian nations) and stakeholders (U.S. Department of Energy [DOE] , Washington State Department of Ecology, U.S. Environmental Protection Agency [EPA] participation) about this apatite technology (August 2003 , August 2004 , and December 2005 in which questions on application to the Hanford 100-N Area were addressed. The current plan for apatite solution injection is described in the 100-NR-02 Treatability Test Plan , with a milestone of September 30, 2006, for completion of well injection. Successful completion of this project of the development of an infiltration method for the apatite solution would be implemented by Fluor Hanford, Inc. through a similar treatability test plan. DOE Richland Operations Office will be coordinating initiation of this proposed project with the Hanford Advisory Board, tribal representatives, regulatory agencies, and stakeholders.
Technology Description
This proposal describes use of the same apatite-forming solution (Ca-citrate-phosphate) technology proven to precipitate apatite by injection in Hanford formation sediment, but develops an infiltration strategy for emplacement in the difficult to inject Hanford formation. This infiltration strategy will supplement the current treatability test plan for well injection of the Ca-citrate-PO 4 solution and is needed to reach the Tri-Party Agreement technology evaluation milestone (milestone M-016014(b); Thompson 2005 ) for evaluating technologies in the 100-N Area by March 2008. These alternate technologies (apatite installation by infiltration and phytoremediation) will not be sufficiently developed without proposal funding in time for this milestone. Infiltration of the solution from the land surface is advantageous for several reasons: (1) implementation can occur at a larger range of river stages compared with well injection, (2) it will treat sediments in the entire vadose zone profile so will immobilize Sr-90 in sediments that would not be reached through well injection, (3) potentially is less expensive to implement relative to well injection, and (4) sediments closer to the river can be treated due to limitations in well drilling too near the river bank. While the formation of apatite precipitation from the apatite-forming solution has been shown to occur, development of the technology was focused on water saturated (aerobic, anaerobic) processes, and experiments have not been conducted at low water saturation.
We will develop an understanding of the apatite-forming solution infiltration processes for the purpose of designing an efficient infiltration strategy. The combined effects of biogeochemical and coupled precipitate/flow processes will be quantified so that an infiltration strategy that produces a relatively uniform spatial distribution of the apatite precipitate can be achieved at the field scale. We propose a sequence of experiments that increase in complexity and scale to quantify individual and coupled processes of apatite precipitation during liquid infiltration and Sr-90 sequestration. Small-scale experiments will investigate citrate biodegradation rates as a function of water content and microbial population (Task 1). Low water content infiltration experiments will also be conducted at differing apatite-forming solution concentrations (Task 2). High solution concentration injections add complexities to both the infiltration method and initial Sr-90 migration, as previously shown in water-saturated systems. Theoretically, precipitation of 1.3 mg of apatite per gram of sediment should remove all Sr and Sr-90 for 300 years (10 half-lives of Sr-90), assuming 11% Sr substitution for Ca (found in natural apatites). Whether the theoretical capacity can be achieved in the 100-N Area depends on the rate at which Sr-90 is incorporated into the apatite structure relative to the Sr-90 flux rate. We will conduct long-term apatite recrystallization rate experiments to address the rate at which Sr is incorporated into apatite (Task 3). Processes quantified in these small-scale experiments will be incorporated into the STOMP simulator to determine the relative importance of processes, design larger scale experiments, and develop both injection and infiltration strategies (Task 4). This simulation tool will also be used to design 2-D infiltration experiments (Task 5) that will be conducted to experimentally investigate the coupled effects of apatite-forming solution infiltration, alteration of hydraulic and transport properties due to mineral precipitation, biofilm formation, and CO 2 evolution, and the effects of these coupled processes on the final spatial distribution of apatite.
Sr-90 Contamination in Subsurface and River Biota
The operation of the Hanford 100-N Area nuclear reactor required the disposal of pass-through cooling water from the reactor's primary cooling loop, the spent fuel storage basins, and other reactorrelated sources. Liquid discharges to two disposal trenches/cribs contained radioactive fission and activation products, including cobalt-60, cesium-137, strontium-90 and tritium. Sr-90 transport in subsurface sediments from disposal cribs has reached the Columbia River, as evidenced by Sr-90 in the river, in river biota (clams, see Appendix A for details) and in the sediments in groundwater. The proposed 300-ft wide treatment zone of apatite will cover a zone up and downstream of the highest Sr-90 contamination.
Sr-90 Immobilization with Apatite
Apatite [Ca 10 (PO 4 ) 6 (OH) 2 ] is a natural calcium phosphate mineral occurring primarily in the earth's crust as phosphate rock. Apatite minerals are very stable and practically insoluble in water ). The solubility product of hydroxyapatite is about 10 -44 , while quartz crystal, which is considered the most stable mineral in the weathering environment, has a solubility product (K sp ) of 10 -4 (Geochem. Software 1994). Strontiapatite, Sr 10 (PO 4 ) 6 (OH) 2 , which is formed by the complete substitution of Ca by Sr (or Sr-90), has a K sp of about 10 -51 , another 10 7 times less soluble than hydroxyapatite . The substitution of strontium for calcium in the crystal structure is thermodynamically favorable, and will proceed provided the two elements coexist. Sr substitution in natural apatites is as high as 11%, although dependent on available Sr (Belousova et al. 2002) . Synthetic apatites have been made with up to 40% Sr substitution for Ca . The feasibility of Sr-90 sequestration by aqueous injection of apatite has been demonstrated at the bench-scale at Sandia National Laboratories and at Pacific Northwest National Laboratory using a series of batch tests that investigated in situ apatite precipitation and 90 Sr sorption/immobilization. Longterm (1 year+) laboratory studies have shown that the Sr-90 initially adsorbs to sediments, then is slowly incorporated into the apatite structure (data shown in Figure A .4, Appendix A).
Apatite-Forming Solution Technology
The method of emplacing apatite in subsurface sediments at the 100-N Area is to inject an aqueous solution containing a Ca-citrate complex and Na-phosphate. Relatively slow biodegradation of the Ca-citrate complex (days) allows sufficient time for injection and transport of the reagents to the areas of the aquifer where treatment is required. As Ca-citrate is degraded, the free Ca and phosphate combine to form amorphous apatite. The formation of amorphous apatite occurs within a week and crystalline apatite forms within a few weeks. Citrate is biodegraded in Hanford 100-N Area sediments (water-saturated) in days (Appendix A).
Need for Infiltration Strategy at River Shore
The current plan (baseline) to inject the apatite-forming solution separately into the Hanford formation and Ringold E Formation sediments through a series of wells. While there is a high degree of confidence that apatite precipitate will occur, the river hydrodynamics create a significant problem for the seasonal timing of the injection. Apatite-forming solution injection into the upper Hanford formation needs to be done during high river stage so that the formation is water saturated (i.e., late spring). In addition, because movement of the apatite-forming solution is desired toward the river, the most desirable injection river stage would be a high river stage (saturating the formation) followed by a moderate river stage, to get slow flow toward the river. Injection during low river stage would result in rapid movement of the injection solution into the river (days) before precipitation would occur. Therefore, river hydrodynamics have a potentially significant influence on the effectiveness of the emplacement of the apatite-forming solution by injection. There are only short periods throughout the year where the river stage conditions are optimal for injection.
Infiltration of the apatite-forming solution (proposed, described in the following sections) could be accomplished at a different river stage than injection, so an infiltration strategy extends the amount of time that apatite could be emplaced. Infiltration into the Hanford formation sediments would be optimal at periods of low river stage (leaving a greater thickness of unsaturated porous media), so could occur during summer/fall, or the second low stage of early spring. The formation of apatite during infiltration during these periods is less influenced by transmissivity in the formation and river stage, and more dependent on the rate of infiltration. Another potential benefit to infiltration is that cost of implementation may be much less than injection, as wells (a significant cost) do not need to be installed, although there is some cost associated with the infiltration method (i.e., trenches, drip emitters, etc).
Alternative Technologies Considered
Some of the Sr-90 mitigation alternatives are described in the treatability test plan for the groundwater injection . Alternatives for treatment were evaluated and described in a 2001 document (Hanford 100N Area Remediation Options Evaluation Summary Report). Monitored natural attenuation (i.e., radioactive decay of Sr-90) will remove considerable Sr-90 mass from much of the plume, but not the portion near the river shore, which is entering the river. Soil flushing, clinoptilolite, sheet pile, cryogenic barrier were all evaluated and some attempted (soil flushing, sheet pile). In 2004, Fluor/CH2M HILL reevaluated alternative technologies and reiterated the conclusion of the 2001 ITRD report that phytoremediation and apatite (in some form) are the most promising. Evaluated for effectiveness, implementability, reduction of near-shore contamination, public acceptance, risk, and cost, several apatite technologies were considered acceptable: aqueous injection, air injection (solid apatite), hydrofracture, and hydrofracture grout curtain. Air injection of solid apatite was not viable due to the near surface need (i.e., insufficient overburden of sediment to force apatite laterally into formation). Hydrofracturing might work, although has not been attempted using apatite. This alternative was considered too expensive, and in addition, there was no evaluation as to the effectiveness of a very thin (2-4 inch) apatite barrier having sufficient residence time to sequester all the Sr/Sr-90 from groundwater.
Weaknesses of the proposed apatite infiltration technology include: a) some disturbance of the near shore surface (infiltration emitters), and b) Sr-90 is left in place until it decays. Sr-90 decays at 3.6% per year (50% remaining after 30 years, 10% after 100 years, 0.1% after 300 years, planned barrier lifetime), so Sr-90 is not permanently left in place.
Project Scope
The following work elements describe the sequence of experiments that increase in complexity and scale to quantify individual and coupled processes of apatite infiltration. Small-scale experiments will investigate citrate biodegradation rates as a function of water content and microbial population (Task 1). Low water content one-dimensional (1-D) infiltration experiments will be conducted at differing apatiteforming solution concentrations (Task 2). The rate and extent to which Sr-90 is incorporated into apatite will be determined in long-term studies (Task 3). Processes quantified in these experiments will be incorporated into a numerical code to determine the relative importance of processes, design larger scale experiments, and develop the infiltration strategy (Task 4). Finally, the infiltration strategy will be tested in a 2-D experimental system for homogeneous (Task 5.1) and layered (Task 5.2) sediments. Project management is described in Task 6. The technical basis for the amount of apatite and 300-year longevity are described in Task 3.
Task 1 -Apatite Formation at Low Water Saturation
In this task, the influence of water saturation on citrate biodegradation (Task 1.1) and apatite formation (Task 1.2) will be investigated. While water-saturated experiments have demonstrated that apatite precipitate will form after citrate biodegradation in Hanford sediments, we have no supporting data at low water saturation.
Hypothesis. Because citrate is biodegraded more rapidly in oxic environments than anaerobic environments, we hypothesize that for sediments with high water saturation (50% to <100%) will biodegrade more rapidly than water-saturated sediments, but sediments at low water saturation 10% to 50% will show low citrate biodegradation rates due to mass transfer limitations.
Go/No-Go Decision. Citrate biodegradation occurs at low water saturation conditions that will be used during infiltration (50-100% saturation) (no = stop work, 6/07)
The citrate biodegradation rate can be assessed by measurements of aqueous citrate, calcium, and phosphate concentrations (reactants) or products carbon dioxide (oxic system) or organic acids acetate and formate (anaerobic system). Measurement of aqueous species at low water saturation is problematic, so citrate biodegradation rates will be assessed by measurements of carbon dioxide formation using 14°C labeled citrate. These gas-phase samplers cause minimal disturbance to experiments at differing water saturations. For these batch experiments, water saturations of 100%, 90%, 80%, 60%, 40%, and 20% will be used. It should be noted that in preliminary infiltration simulations, water saturations of 60% or greater were generally observed in the apatite-forming solution infiltration area, so it is expected that higher water saturations are more applicable to field scale infiltration. These citrate biodegradation rate experiments will be assessed at 15°C and 25°C to be able to predict biodegradation rates that should be observed over the small temperature range expected in the field (14°C to 17°C, and possibly as high as 21°C in late summer for near-shore sediments). In these batch experiments, 0.25 mL tubes containing 1M NaOH will be used as carbon dioxide traps. These traps will be periodically sampled and refilled over time (to 1,000 h) to measure the rate of carbon dioxide production from the 14°C citrate biodegradation. The 14°C carbon dioxide will be measured by liquid scintillation counting.
The formation of apatite will be confirmed by elemental analysis on a transmission electron microprobe (TEM) from thin sections of the sediment/precipitate encased in epoxy. This type of analysis is currently in progress and is being combined with autoradiography to measure the amount of Sr-90 radiation. Ultimately, the Sr-90 will be compared spatial to the apatite distribution to show how much of the Sr-90 is associated with apatite.
Finally, the influence of the microbial biomass on the citrate biodegradation rate will be investigated (Task 1.3). The microbial population profile with depth has been measured in three boreholes in the 100-N Area, which shows the population varying 2 orders of magnitude in the Hanford formation (10 5 to 10 7 CFU/g), with even greater variation in the Ringold Formation. It is hypothesized that the citrate biodegradation rate will be somewhat slower with a lower microbial biomass, but not directly related to the relative biomass (i.e., 10x lower biomass will not result in 10x slower citrate biodegradation). Lower initial biomass will require somewhat longer lag time to grow the biomass necessary to degrade the citrate. Batch experiments will be conducted with sediments over a range of biomass to assess the citrate biodegradation rate under unsaturated conditions by measurement of the 14°C-carbon dioxide production rate, as described earlier.
Task 2 -Infiltration at Variable Ca-Citrate-PO 4 Concentration
In this task, a series of 1-D unsaturated column experiments will be conducted to assess rates at which apatite precipitation occurs during 1-D transport with varying Ca-citrate-PO 4 concentration.
Hypothesis. Uniform apatite precipitate distribution can be achieved at low solution concentration, and low infiltration rates, but microbial growth at high solution concentrations will create spatially different apatite precipitate zones.
Go/No-Go Decision. Apatite will form during 1-D infiltration in 100-N Area sediments that is relatively uniform (no = stop work, 8/07).
In the water-saturated zone during injection, high concentration (100 mM citrate) apatite solutions are 3%-4% more dense than groundwater, so density effects (plume sinking) may be significant. In the unsaturated zone, density effects should be less significant due to the mitigating effects of capillarity. These studies move up in scale to idealized 1-D representation of field infiltration (beyond the batch studies in Task 1).
In this task, 1-D infiltration experiments will be conducted at differing apatite solution concentrations ranging from 10 mM to 100 mM citrate. These 1-D unsaturated column studies will be conducted in conjunction with 1-D simulations conducted in Task 4 to design experiments and assess results. In Subtask 2.1, column transport experiments will be conducted at a fixed infiltration rate (steady flow), with measurement of Ca, PO 4 , and citrate aqueous concentrations and the moisture content. The aqueous samples will be collected through small porous ceramic lysimeters (1 mm diameter by 3 mm length) placed in the 1-2 meter long column. Moisture content and pressure head will be measured nonintrusively at selected points in space and time over the column length using an automated dual-energy gamma radiation measurement system and/or time domain reflectrometry (TDR), and tensiometers with pressure transducers, respectively. In Subtask 2.2, the infiltration rate and duration will be varied. Based on preliminary 2-D simulations of infiltration in Hanford formation, high infiltration rates result in nearly water-saturated conditions in the sediment vertical profile, whereas very low infiltration rates result in 60%-70% water saturation and slower transport rates in the sediment profile. Interestingly, these simulated infiltration studies showed that the additional residence time during slow infiltration resulted in sufficient time for citrate biodegradation, so there was a relatively uniform apatite distribution predicted. These results need to be confirmed experimentally, first in 1-D columns, then in 2-D studies (Task 5).
In Subtask 2.3, the influence of heterogeneities will be investigated in 1-D columns including a high-K zone and a low-K zone in the center of the column. To fully address the flow field that will develop as a result of heterogeneities, 2-D experiments will be conducted (Task 5), but some necessary information (i.e., influence of precipitation on hydraulic properties) is gained from these 1-D experiments with heterogeneities that are used to aid in the design of the 2-D experiments. Because the Hanford formation (and underlying Ringold E Formation) is fluvial deposits, thin units of either coarser material (higher energy deposits) or silts do occur, and if identified, an infiltration strategy can be modified to some extent to address the influence of these heterogeneities. Hydraulic properties (capillary pressure-saturationpermeability relations) of the Hanford formation sediments will be determined from independent experiments.
Task 3 -Apatite Sr Capacity and Uptake Rate
In this task, the uptake of Sr-90 into apatite will be characterized to determine: a) total mass of apatite precipitate needed to sequester Sr-90 for ~300 years (sufficient time for radioactive decay given the Sr-90 half-life of 29.1 years), and b) rate of Sr-90 uptake into the apatite structure.
Hypothesis.
Only a small amount of apatite is needed to sequester Sr-90 for 300 years, but that the rate at which apatite recrystallizes and incorporates Sr/Sr-90 will define the amount of apatite mass needed to be emplaced by infiltration.
Go/No-Go Decision.
Sr is uptaken at a rate sufficiently rapid to exceed the Sr-90 average flux rate in water-saturated sediments (9/07, no = stop work). If the Sr capacity is <1% in apatite, it would be difficult to inject enough apatite to sequester Sr-90 for 300 years as the amount of apatite would fill most of the pore space (1/08).
In Subtask 3.1, the capacity of apatite to uptake Sr/Sr-90 will be determined experimentally. As described in the background section, some natural apatites have up to 11% substitution of Sr for Ca. Given this 11% substitution, a total of 1.7 mg of apatite per gram of sediment is needed to sequester Sr and Sr-90 for 300 years. Given that the initial apatite precipitate is somewhat amorphous, and relatively pure Ca-apatite [Ca 10 (PO 4 ) 6 (OH) 2 ], the substitution approaching 11% Sr [SrCa 9 (PO 4 ) 6 (OH) 2 ] is thermodynamically favored given the higher solubility product of strontiapatite of 10 -51 being 7 orders of magnitude less soluble than apatite (10 -44 ). The maximum amount of Sr substitution into Ca-apatite will be verified experimentally with a long-term batch study with solid phase apatite (only, no sediment) and a solution containing the proportions of cations found in Hanford 100N groundwater (i.e., Ca/Sr ratio of 220/1) to demonstrate that Sr substitution under these conditions will occur.
In Subtask 3.2, the rate of Sr substitution into Ca-apatite will be experimentally determined through a series of long-term batch studies at different temperature (22°C, 42°C, 62°C, and 82°C) to be able to project the rate of Sr substitution that will occur under field conditions at 15°C and determine the activation energy of the process. Low activation energies (<10 kJ/mol) would indicate the process is rate limited by diffusion, which could be increased by increasing the surface area (i.e., change the precipitation process to precipitate smaller crystals). Activation energies >15 kJ/mol would be indicative of a chemically controlled process. In these experiments, solid phase apatite, and mixtures of sediment and apatite will be used, with solid phase sampling at period time intervals to 1 year with sequential extractions to determine the amount of Sr-90 substitution into the apatite. An example of the sequential extractions that will be used show dissolution of apatite by the 4M nitric acid extraction with increasing Sr substitution over months.
Technical basis for apatite mass and 300-year longevity to sequester Sr-90.
1. Three hundred years of capacity is purely a function of the Sr-90 half-life (28.1 years), so 10+ halflives would decay 99.90% of the Sr-90. Whether Sr-90 is held in the apatite or is inland from the Columbia River and does not reach the river, only 10% will remain after 100 years and < 0.1% after 300 years.
2. Basis for number of pore volumes of water passing through the barrier for 300 years: pv/15 m thick barrier x 0.3 m/day (average gw flow) x 365.25 day/yr x 300 yr = 2,191 pv or roughly 2,200 pore volumes of water traveling at 0.3 m/day (1 ft/day) average groundwater flow rate will pass through a 15 m (45-ft) thick barrier in 300 years. We need to capture all of the Sr and Sr-90 in these 3,000 pore volumes. Ideally, we are only interested in the Sr-90, but the solid phase substitution is the same for Sr and Sr-90. total/1.78 g sediment = 1.12 mg apatite/g sediment 6. Phosphate solution (mol/L) required to achieve 1.2 mg apatite/g sediment deposition mass: 10.01 mg apatite/cm 3 liquid x 1,000 cm 3 /L x g/1,000 mg x mol apatite/1,004 g apatite x 6 mol PO 4 /mol apatite = 0.059 mol PO 4 /liter Because phosphate solution concentrations of 0.04 mol/L is soluble and has been used, it is estimated that two or more injections are required to achieve a deposition of 1.2 mg apatite/g sediment 7. Volume considerations of apatite in the pore space unit cell of apatite: a = 9.3A x c = 6.89 A. Assume cylinder (a/2)2*3.14*c = 7.488 x 10-21 cm 3 /atom or 4,509.6 cm 3 per mol of apatite 1.7 mg apatite/g sed * mol/502 g * 1/1,000 * 4,509.6 cm 3 /mol = 0.0153 cm 3 /g sed Give the dry bulk density and porosity: 1.78 g/cm 3 /0.2 = 8.9 g/cm 3 pore space pore space occupied by apatite: 0.0153 cm 3 ap/g sed x 8.9 g sed/cm 3 pore space = 0.136 …or 1.7 mg apatite/g sediment occupies 14% of the pore space (small, but likely some decrease in permeability). 8. The above pore volume calculation (b) is appropriate for groundwater flow (not vadose zone flow).
Given the average annual precipitation at Hanford of 16 cm/year, the recharge rate (i.e., downward flux rate) is estimated at 0.1% to 2% (less with plant cover, more with coarse surface sediment and no plants), based on multiple different techniques and studies at Hanford. Therefore, downward migration of Sr-90 in the vadose zone is very slow, so technically the number of pore volumes migrating downward in the vadose zone is very small (~0.01 pore volume/year = 1% recharge), so the mass of apatite needed to sequester Sr-90 for 300 years (a) may be less.
However, the Sr-90 contamination zone that is being remediated is near the Columbia River, and this zone may be at low water saturation or be seasonally part of the unconfined aquifer. As such, the "worst case" for vadose zone treatment is that Sr-90 is migrating in groundwater (i.e., the vadose zone is watersaturated 100% of the time), so we are designing the same amount of precipitation in the vadose zone as in the saturated zone.
Task 4 -Simulation of Apatite-Forming Solution Infiltration
In this task, the reactions controlling apatite-forming solution injection, citrate biodegradation, apatite precipitation, Sr/Ca/Na/Mg ion exchange, and Sr-90 slow incorporation into apatite structure (Figure 1 ) will be incorporated into the STOMP simulator (Task 4.1). Model parameters will be calibrated using data from batch studies (Task 1 and 3) and 1-D infiltration column studies (Task 2). The model will then be used to assist in the design of 2-D experiments that will determine the accuracy of the conceptual approach for emplacement of an apatite barrier by infiltration (Task 4.2). Finally, the model will be used to design the field-scale infiltration strategy (Task 4.3).
Hypothesis. Infiltration of the Ca-citrate/phosphate solution into Hanford sediments is subject to the dynamic effects of ion exchange and biodegradation/precipitation reactions which affect the spatial distribution of Ca and phosphate and the resulting spatial distribution of apatite precipitate.
The current reactive transport code (STOMP) incorporates a simplified set of apatite reactions, which was used for preliminary infiltration simulations. These reactions are:
• citrate biodegradation modeled as a first-order reaction (realistic, based on sat. laboratory data)
• rapid apatite precipitation (realistic)
• rapid, linear adsorption of phosphate (not realistic, evidence for kinetic (slow) adsorption; adsorption of this anion is pH-dependent
• rapid, linear adsorption of Ca 2+ (not realistic, laboratory data shows that Ca 2+ attachment to surfaces is controlled by ion exchange, so the exchange between Ca, Na, Mg, and Sr during injection needs to be considered). Task 4.1 will be to incorporate necessary reactions into the transport code. A new reactive transport module, ECKECHEM (White and McGrail 2005) , has recently been written for the STOMP simulator (White and Oostrom 2004) . This module solves coupled equilibrium, component, and kinetic equations for chemical reactions. However, this module does not currently account for multicomponent ionexchange processes. Task 4.1 will incorporate an ion-exchange model into STOMP, as ion-exchange reactions will have a significant influence on the injection scheme. Ion-exchange reactions are important in this remediation strategy because: a) apatite precipitation depends on the stoichiometry of Ca and PO 4 available in the pore fluid and b) Sr-90 desorption occurs as a result of the injection of a higher ionic strength. The apparent Sr-90 K d decreases from 35 cm 3 /g in groundwater to 2.5 with a high ionic strength solution. To lessen the Sr-90 release into solution caused by high ionic strength addition (i.e., the salt effect), infiltrations can be staged, with an initial injection of lower solution concentrations, which would also provide for more rapid citrate biodegradation (and ultimately better control of the apatite placement). With a 40 mM citrate injection, the Sr K d = 13 cm 3 /g, which results in a 2x increase in Sr-90 groundwater concentration. It is hypothesized that there would be less Sr desorption than predicted from these studies for actual Sr-90 laden sediments that have been in contact with Sr-90 for decades (as opposed to the 5-day adsorption in this study). After several weeks of Sr-90 sequestration by the small amount of apatite, a high concentration solution can be injected. Task 4.2 will develop a reaction network for the coupled equilibrium, component, and kinetic reactions that are expected. The complete set of reactions will include ion exchange reactions, noted above, as well as equilibrium aqueous complexation reactions associated with the variable chemistries of the groundwater, river water, and solution injection and infiltration. Most of the required laboratory experiments have been completed to characterize the binary exchange isotherms, so the work proposed in this task primarily involves parameter estimation and incorporating the appropriate form of ion exchange in the transport model.
Designing the field-scale injection strategy (Task 4.3) will be accomplished with a combination of experimental data (batch, 1-D, and 2-D) and simulations. While experimental data shows the combined effects of reactions in a specific flow field, these experimental systems are smaller in scale and typically do not incorporate natural heterogeneities found at the field scale. Simulations can be used to test the influence of a wide range of different infiltration parameters that could not all be tested experimentally. In addition, the influence of heterogeneities (randomly generated hydraulic conductivity field, for example) can be simulated to determine how significant heterogeneities are on infiltration.
An idealized set of Sr-90 reactions were used in preliminary infiltration experiments to demonstrate the influence of: a) proper reactions, and b) physical and geochemical heterogeneities. These simulations show that the level of geochemical reaction complexity and heterogeneity complexity change the timing and concentration of 90 Sr leaching from the system. A 2-D experimental system will be used (Task 5) to test specific cases of heterogeneities on the infiltration/precipitation of apatite at a 1.5 m scale in 2-D, which is somewhat more realistic flow field than the batch or 1-D columns used in previous tasks.
Task 5 -Apatite Spatial Distribution from Surface Infiltration
In this task, the infiltration strategy for achieving a relatively uniform apatite precipitate will be experimentally tested during 2-D infiltration at a 1.5 m scale.
Hypothesis. Residence time is the key factor that determines how uniform the apatite precipitate distribution that can be achieved from a Ca-citrate/phosphate infiltration.
Go/No-Go Decision on Implementation. A 2-D infiltration experiment can be conducted and a relatively uniform (vertically and laterally) apatite precipitation distribution obtained (no = no go, 12/07 in time for 3/08 Tri-Party Agreement milestone).
The first 2-D infiltration experiment will be infiltration into a homogenous sediment (Task 5.1), and the second infiltration experiment will be infiltration into layered sediment (high-K zone, Task 5.2). Additional heterogeneities will be tested through simulations (Task 4) that include laterally discontinuous layers (high-K, low-K) and random zones of hydraulic conductivity of different scales. In general, batch and 1-D infiltration experiments should be sufficient for predicting solution infiltration and apatite precipitation distribution behavior in homogeneous systems. The influence of the solution density (at high concentration) is pronounced during injection in a well, but should have little effect during infiltration, as the infiltration timing is largely controlled by capillary suction in the sediment. In addition, we expect there to be little effect of the amount of apatite precipitation on the flow field. In theory, the calculated maximum amount of apatite precipitate (1.7 mg/g of sediment) to achieve 300 years of capacity would occupy 15% of the pore space. This reduction in hydraulic conductivity where precipitate forms initially would, in theory, alter the flow field for subsequent fluid to regions of higher permeability. The net effect should be a more lateral spread of the infiltration profile with the hypothesized reduction in permeability directly beneath the infiltration location. However, we expect that this effect will be insignificant, especially compared with the influence of field scale heterogeneities.
We expect that low-K and high-K heterogeneities will influence the distribution of apatite precipitate that will occur, and that in some cases, modification of the injection strategy (injection rate, variable solution concentration) can minimize these effects. A high-K layer located at depth will result in the buildup of the Ca-citrate-PO 4 solution in finer grained sediments above the high-K layer, which will provide additional residence time to biodegrade the citrate and form apatite in this finer grained porous media (and less apatite precipitate in the high-K unit). If a significant high-K lens/layer is characterized at the field scale, apatite precipitate can be formed in the high-K layer by an injection of high concentration solution at a rapid infiltration rate. The water entry pressure of the high-K unit would be exceeded, so the solution would infiltrate the high-K unit. Because the residual saturation is lower in the high-K unit, residual saturation of a higher concentration solution will provide sufficient precipitate to form.
The residence time of the Ca-citrate-PO 4 solution (to provide sufficient time for apatite precipitate to form after biodegradation) is the key to understanding the effect of a low-K unit on the solution infiltration. Vertical infiltration of the solution reaching a depth of a low-K unit will typically result in greater lateral spread of the solution in the low-K unit. There will be some resistance to water entry into the higher-K porous media under the low-K unit, so as a result, there will be a wider distribution of apatite in the low-K unit.
For the purpose of forming a precipitate barrier for Sr-90 sequestration, both unsaturated and watersaturated flow scenarios need to be considered in the Hanford formation. If the Hanford formation were to always be a vadose zone, then infiltration of the Ca-citrate-PO 4 solution into the heterogeneous porous media would, in general, result in greater apatite precipitate mass in finer grained porous media. Precipitation events driving Sr-90 held in the soil profile deeper would move more readily in this finer grained porous media, so the Sr-90 would be sequestered. However, at periods of high river stage, the lower portion of the Hanford formation will be water saturated and groundwater will flow more rapidly in the higher-K portions of the sediment, which contain the least amount of apatite. Therefore, we will focus our experiments on determining the infiltration strategy to create additional precipitate in high-K zones.
Experiments in this task will be conducted in a large 2-D system that is 1.5 m (lateral) by 0.8 m (vertical) by 5 cm (thick), which can be scanned by a dual-source gamma system to quantify changes in moisture content.. The Ca, citrate, and phosphate concentrations will be measured by collecting aqueous samples through small lysimeters.
Task 6 -Project Management
Project Support. Plan, organize, and provide top-level guidance and direction for overall project performance. Also provide project-level cost and schedule control, tracking, and reporting. Coordinate the Columbia River Protection Supplemental Technologies Project work scope with DOE, Richland Operations, the Groundwater Remediation and Closure Assessment Project, and the Office of River Protection, including participation in planning, peer reviews, and periodic project meetings.
Assumptions
The following assumptions pertain to this scope of work:
• The project will start on or before May 15, 2006.
• A project specific Quality Assurance Plan (QAP) is required. This will describe the type of experiments, chemical and microbial analysis, and the associated detection limits, duplicates, blind duplicates, and other quality assurance information.
• Procurement of 100-N Area Hanford sediments will be conducted by the site remediation contractor, Fluor Hanford, Inc. Most of these sediments have already been collected from current 100-N Area drilling operations.
• This treatability study will focus on strontium sequestration in the vadose zone and will not address emplacement or performance issues associated with treatment in water-saturated porous media (currently being investigated).
• The schedule shown in this proposal will be approved by DOE and the appropriate regulatory agencies.
Schedule
A detailed schedule for the tasks associated with developing the apatite solution infiltration strategy is provided in Table 1 .
Budget
The total budget for this plan is estimated to be approximately $790,000. The Hanford Site is a U.S. Department of Energy (DOE) site located in southeastern Washington State near Richland, Washington. The Hanford 100 Area is located along the Columbia River and includes nine DOE nuclear reactors previously used for plutonium production, one of which is the 100-N Reactor. The operation of the 100-N Area nuclear reactor required the disposal of pass-through cooling water from the reactor's primary cooling loop, the spent fuel storage basins, and other reactor-related sources. Two crib and trench liquid waste disposal facilities (LWDFs) were constructed to receive these waste streams, and disposal consisted of percolation into the soil. The first LWDF (1301-N) was constructed in 1963, about 244 meters (800 feet) from the river. Liquid discharges to this facility contained radioactive fission and activation products, including cobalt-60, cesium-137, strontium-90 and tritium. Minor amounts of hazardous wastes such as sodium dichromate, phosphoric acid, lead, and cadmium were also part of the waste stream. When Sr-90 was detected at the shoreline, disposal at the first LWDF was terminated and a second crib and trench Sr-90 contamination in sediments reflects the hydrodynamics in the 100-N Area. Sr-90 has leached from trenches through the variable thickness vadose zone to groundwater and moved toward the Columbia River. Because the river stage changes daily (±5 ft) and seasonally (± 8 ft for sustained periods), the saturated zone thickness changes and flow reversals do occur (i.e., movement of river water into the aquifer). The result on Sr-90 is a smearing of the plume vertically. Given that the upper Hanford formation has generally 10x greater groundwater flow than the underlying Ringold E Formation, most (but not all) of the Sr-90 contamination is found in the Hanford formation, with roughly a third of the mass in the lower Ringold E (Figure A. 2). The highest concentration found 50 ft inland from the river edge (well N-122) is inland from river tube #5 ( Figure A.1) , with lower Sr-90 concentrations in wells on both sides of this location. This vertical Sr-90 profile type is previously observed (Serne and LeGore 1996) .
Because of strong Sr-90 adsorption by ion exchange to sediments (Kd = 25 cm 3 /g, Moore et al. 2006; Routson et al. 1981; Steefel 2004) , about 1% of the Sr-90 is in groundwater and 99% on sediments. As such, the pump-andtreat system operated since 1995 has only removed a small amount of Sr-90 from the aquifer, although is effective for removal of mobile contaminants such as tritium. Because of the highly transmissive nature of sediments near the river, the pump-and-treat system removes Sr-90 from inland locations near the disposal trench. Given the high adsorption and short radioactive decay half-life of Sr-90 (29.1 years), only sediments near the river are at risk of entering the river (red/yellow highlighted area, Figure A .1) before radioactive decay reduces Sr-90 activity to negligible amounts. The pump-and-treat system has not influenced Sr-90 levels in wells near the river (red line, Figure A 
A.2 Sr-90 Immobilization with Apatite
Apatite [Ca 10 (PO 4 ) 6 (OH) 2 ] is a natural calcium phosphate mineral occurring primarily in the earth's crust as phosphate rock. It is also a primary component in the teeth and bones of animals. Apatite minerals sequester elements into their molecular structures via isomorphic substitution, whereby elements of similar physical and chemical characteristics replace calcium, phosphate, or hydroxide in the A.3 hexagonal crystal structure (Hughes et al. 1989; Spence and Shi 2005) . Apatite has been used for remediation of other metals including U (Arey et al. 1999; Fuller et al. 2002 Fuller et al. , 2003 Jeanjean et al. 1995) , lead (Bailliez et al. 2004; Mavropoulos et al. 2002) , Pu , Np (Moore et al. 2003) . Sr incorporation into apatite has also been previously studied (Smiciklas et al. 2005; Rendon-Angeles et al. 2000) . Apatite minerals are very stable and practically insoluble in water (Tofe 1998; ). The solubility product of hydroxyapatite is about 10 -44 , while quartz crystal, which is considered the most stable mineral in the weathering environment, has a solubility product (K sp ) of 10 -4 (Geochem. Software 1994). Strontiapatite, Sr 10 (PO 4 ) 6 (OH) 2 , which is formed by the complete substitution of Ca by Sr (or Sr-90), has a K sp of about 10 -51 , another 10 7 times less soluble than hydroxyapatite . The substitution of strontium for calcium in the crystal structure is thermodynamically favorable, and will proceed provided the two elements coexist. Sr substitution in natural apatites are as high as 11%, although dependent on available Sr (Belousova et al. 2002) . Synthetic apatites have been made with up to 40% Sr substitution for Ca ).
The rate of metal incorporation into the apatite crystal lattice can be relatively slow, on the order of days to years (LeGeros 1979 (LeGeros , 1991 Vukovic et al. 1998; Moore et al. 2003 . However, in the presence of soluble phosphates, apatite acts as a seed crystal for the precipitation of metal phosphates (Vukovic et al. 1998) . Homogeneous nucleation (precipitation directly from solution) will generally not occur except at very high metal concentrations, for example, greater than 10 parts per million (ppm). However, at low concentrations of the substituting cation (such as calcium) and in the presence of small amounts of phosphate and a seed crystal of apatite, heterogeneous nucleation occurs on the surface of the apatite seed crystal (Lower et al. 1998) . The apatite itself serves as a small, but sufficient source of phosphate to solution and, thus, perpetuates the precipitation reaction. Over time, the precipitated metals are sequestered into the apatite crystal matrix.
The feasibility of Sr-90 sequestration by aqueous injection of Ca-citrate-PO 4 has been demonstrated at the bench-scale at Sandia National Laboratories (Moore et al. , 2006 and at Pacific Northwest National Laboratory using a series of batch tests that investigated in situ apatite precipitation and 90 Sr sorption/immobilization. Three experiments were conducted in which Sr-90 was reacted with untreated and apatite-laden 100-N Area sediments and solid phase extractions were conducted to determine how the Sr-90 is bound on the surface (extractions: Amrhein et al. 1990; Sposito et al. 1982 Sposito et al. , 1983 Sparks 1996) . It was hypothesized that Sr is "sorbed" to untreated sediment predominantly by ion exchange, and in contrast, apatite-laden sediments will (over time) more permanently sequester Sr. Two different apatiteladen sediment experiments were conducted: a) Sr-90 solution was added to the apatite-laden 100-N Area composite sediment, and b) apatite precipitate was added to the 100-N Area sediment from the 13-ft depth (which contains 80 pCi/g Sr-90 in contact with sediment for decades). Differences in Sr sequestration represent the influence of decades of Sr-90/sediment aging (if any for Sr-90 adsorbed for decades versus a day). For the untreated sediment, 86% of the Sr-90 could be extracted by ion exchange (0.5M KNO 3 ), 6% by a carbonate extraction (0.05M EDTA), and about 6% by a mineral dissolution extraction (4M HNO 3 at 80°C for 24 h, Table A.1). The remaining 5% Sr-90 was aqueous. Therefore, Sr-90 was retained on untreated 100-N Area sediments predominantly by ion exchange, as expected. In contrast, the Sr-90 was more difficult to remove from the apatite-laden sediments. In the sediment in which Sr-90 was added to apatite-laden sediment ( Figure A.4 , Table A.1), by 1 week, only 50% of the Sr-90 could be extracted by ion exchange, 31% by the carbonate extraction, and 6% by the residual extraction. By 10 weeks, 42% of the Sr-90 could be extracted by ion exchange, 44% by carbonate extraction, and 12% by the residual extraction. Therefore, about half the Sr-90 mass is not bound by ion 
A.3 Apatite-Forming Solution Technology
The method of emplacing apatite in subsurface sediments at the 100-N Area is to inject an aqueous solution containing a Ca-citrate complex and Na-phosphate. Citrate is needed to keep Ca in solution long enough (days) to inject into the subsurface; a solution containing Ca2+ and phosphate only will rapidly form apatite (Andronescu et al. 2002; Elliot et al. 1973; Papargyris et al. 2002) . Relatively slow biodegradation of the Ca-citrate complex (days) allows sufficient time for injection and transport of the reagents to the areas of the aquifer where treatment is required. As Ca-citrate is degraded (Van der Houwen et al. 2001; Misra 1996) , the free Ca and phosphate combine to form amorphous apatite. The formation of amorphous apatite occurs within a week and crystalline apatite forms within a few weeks. Citrate biodegradation rates in Hanford 100-N Area sediments (watersaturated) at temperatures from 10°C to 21°C (aquifer temperature 15°C to 17°C) over the range of citrate concentrations to be used (10 mM to 100 mM) have been determined experimentally (Table A. 2) and simulated with a first-order model (Bailey et al. 1986; Brynhildsen and Rosswall 1997) . In addition, the microbial biomass has been characterized with depth and position along the shoreline. Multiple characterization techniques were employed ( Figure A .5) to assess the crystal chemistry of the apatite formed by the microbial digestion of Ca-citrate in the Hanford 100-N Area sediment. High resolution transmission electron microscopy (HRTEM) and X-ray powder diffraction (XRD) were used to assess apatite crystallinity and to document the transformation from an amorphous calcium phosphate to nanocrystalline apatite. Energy dispersive (EDS) and (Figure A.5, upper left) . This was consistent with the observed broad overlapping peaks in the XRD pattern at 2 microns of approximately 32°, a typical characteristic of poorly crystallized apatite (Figure A.5, upper right; Waychunas 1989; Nancollas 1970 Nancollas , 1974 Hughes et al. 2002) . The remaining peaks in the XRD correspond to components of the sediment. FT-IR spectra are given for pure hydroxyapatite (top spectrum) produced by precipitation and heat treatment at 700°C and calcium phosphate precipitates in the Hanford 100 North Site sediment after one month (bottom spectrum). The lower resolution of the PO 4 -bands confirms the lower crystallinity of the sample, as observed by both HRTEM and XRD. The bands at 1455 cm -1 and 879 cm -1 indicate the presence of carbonate in the apatite structure. The TEM-EDS spectrum identifies calcium and phosphate as the major components with a stoichiometric apatite ratio of approximately 5:3.
A.4 Need for Infiltration Strategy at River Shore
The current plan to inject the Ca-citrate-PO 4 solution separately into the Hanford formation and Ringold E Formation sediments. While there is a high degree of confidence that apatite precipitate will occur, the river hydrodynamics create a significant problem for the seasonal timing of the injection. Simulation of injections into the lower (less transmissive) Ringold E Formation at sustained low and high river stage show that the river stage does not move the Ca-citrate-PO 4 injection plume a significant distance before apatite is expected to precipitate, so the time of year for injection into the Ringold E Formation is best at lower river stages (late fall) to get some apatite movement toward the river, but the timing is not critical.
In contrast, apatite-forming solution injection into the upper Hanford formation needs to be done during high river stage so that the formation is water saturated (i.e., late spring). In addition, because movement of the solution is desired toward the river, the most desirable injection river stage would be a high river stage (saturating the formation) followed by a moderate river stage, to get slow flow toward the river. Injection during low river stage would result in rapid movement of the injection solution into the river (days) before precipitation would occur. Therefore, river hydrodynamics have a potentially significant influence on the effectiveness of the emplacement of the solution by injection. There are only short periods throughout the year where the river stage conditions are optimal for injection.
Infiltration of the solution (proposed, described in the following sections) could be accomplished at a different river stage than injection, so an infiltration strategy extends the amount of time that apatite could be emplaced. Infiltration into the Hanford formation sediments would be optimal at periods of low river stage (leaving a greater thickness of unsaturated porous media), so could occur during summer/fall, or the second low stage of early spring. The formation of apatite during infiltration during these periods is less influenced by transmissivity in the formation and river stage, and more dependent on the rate of infiltration. Another potential benefit to infiltration is that cost of implementation may be much less than injection, as wells (a significant cost) do not need to be installed, although there is some cost associated with the infiltration method (i.e., trenches, drip emitters, etc).
Comment 2. The proposal lacked a detailed description of the alternative selection process.
Response. See first response under the summary evaluation section.
Comment 3. Adequate research and experimental work has not been done to implement a full-scale project.
Response. We agree. In the current Fluor-funded 100-N Area remediation apatite injection project, we considered infiltration, but because we had never attempted precipitation of this solution under unsaturated conditions, nor designed an infiltration strategy for this solution, we could not implement. This proposal was written to scale up from bench scale processes to a 2-meter scale the infiltration technology. We did not include field work (i.e., small field test, for example) in this proposal because this work would likely be funded by Fluor. We are currently using a stepped process at the field scale for the 100-N Area apatite injection in wells: a) single well tracer injection, b) single well apatite solution injection, c) data analysis including coring to collect sediments for apatite analysis, and d) additional injections with same/modified injection strategy. In previous projects, we have successfully scaled up an aqueous injection of sodium dithionite by bench, 1-D column, 2-D wedge (radial) lab experiments at a 1-7 m scale, then small (single well) field scale, then multiple well field scale. Given that results of this proposal are successful, we would follow a similar scaleup at the field scale for infiltration.
Comment 3b. Consider conducting a field test.
Response. To conduct a successful field test, objectives must be clear. In a short time frame (weeks to months) we could clearly determine if a solution caused apatite precipitation. At the field scale (15° to 17°C and low water content), we could not determine the long-term impact on Sr-90 immobilization (i.e., incorporation into the apatite structure), which would require transport of the Sr-90 in the vadose zone as well as time to incorporate into the structure. However, we can duplicate specific pieces (although only in idealized systems) of the process in the laboratory and determine if these processes occur. We have already conducted water-saturated injection experiments through Sr-90-laden sediments and have determined the relationship between the ionic strength and resulting Sr-90 mobility (caused by ion exchange), and within this proposal we are planning on duplicating some of these experiments at low water saturation (Task 2). The long term incorporation of Sr into apatite is Task 3, in which we accelerate the incorporation rate by conducting experiments at 15°C, 35°C, 60°C, and 80°C, so we can clearly determine: a) the ultimate capacity that Sr can incorporate into the apatite structure and b) the Sr-90 incorporation rate.
Comment 4. Impacts of subsurface heterogeneities.
Response. While we can duplicate specific subsurface processes (i.e., flow through porous media, 1-D or 2-D), the impact of natural heterogeneities, we believe, is a very significant issue. In Task 5.1, we will test the injection strategy in a 2-D porous media system, so be able to track infiltration vertically and B.5 laterally (non-intrusive dual gamma system), and sample the solution. We hypothesize that a low concentration injection will behave similarly to water, but repeated high concentration injection may produce enough precipitation to alter the flow. Task 5.2 was to test the injection strategy in a heterogeneous porous media system. Due to the fluvial depositional environment of the Hanford formation, layers (not very laterally continuous) are significant. For vadose zone infiltration, a high-K layer causes an infiltration barrier (less capillary suction), so Task 5.2 will investigate this type of heterogeneity. The purpose of this subtask is to determine if a heterogeneity (high-K layer) is characterized, can an injection strategy be successful (such as initial high flow rate to exceed the capillary barrier, followed by a slower infiltration rate).
The first 2-D infiltration experiment will be infiltration into a homogenous sediment (Task 5.1), and the second infiltration experiment will be infiltration into layered sediment (high-K zone, Task 5.2). Additional heterogeneities will be tested through simulations (Task 4) that include laterally discontinuous layers (high-K, low-K) and random zones of hydraulic conductivity of different scales.
Comment 5. Diesel contamination.
Response. The diesel contamination (1966 spill) is somewhat upgradient (up on bluff) of the Sr-90 plume area, so most of the Sr-90 area will not be influenced and generally would affect the groundwater, but not the vadose zone near the river. However, well sampling downgradient of the diesel contaminated area shows indirect evidence of microbial activity (elevated ferrous iron). This is a zone of likely increased microbial activity, reduced iron, and possibly altering the Sr-90 mobility. The increase in ferrous iron may change the ion exchange reactions to some extent, so influence the Sr/Sr-90 mobility. The apatite solution injection (not infiltration) may be influenced (i.e., citrate would degrade more rapidly), and subsequently alter the injection rate. Diesel in the vadose zone would certainly affect the ability of infiltrating a solution. Residual diesel saturation will hinder the infiltration. As the extent of this diesel plume is investigated, we will investigate the infiltration strategy. Comment 6. Apatite particle size.
Response. We do have some characterization of the apatite precipitate size (see Figure A .5), which are approximately 0.1 micron (from Moore et al. 2006) . We have characterized Sr-90 sequestration in batch and 1-D columns with apatite in the sediments, so know that the precipitate remains immobile. We have not altered the precipitation method in an attempt to change the precipitate size, although this is an interesting (and useful) idea. Response. Task 3 is a series of long term batch studies designed to quantify both the rate of Sr-90 incorporation into apatite and the ultimate capacity of incorporation under various conditions. Under comment 1 (longevity), we assume 11% Sr substitution for Ca in apatite, which is found naturally, although 100% Sr-apatites exist and 60% Sr substitution for Ca has been shown experimentally. These Task 3 experiments will determine if we will achieve this capacity and the rate of incorporation. Both are vital, because if the incorporation rate is slower than the Sr/Sr-90 flux rate through the precipitate section, then Sr-90 will not be retained. While thermodynamically Sr should substitute for Ca, and we have demonstrated this process in a year-long experiment, the sequence of experiments we are planning will determine the longevity of the barrier (i.e., how much apatite precipitate is necessary). Sr uptake by B.6 apatite (no sediment) in the first vial will be in DI water (0.2 mg/L Sr, Na-perchlorate background electrolyte), and monitoring solution Sr-90 should show initial rapid (hours) uptake by ion exchange, then slow (months) additional uptake as Sr-90 is incorporated into the apatite structure. Multiple vials will be used so that solid phase samples can be taken and sequential extractions be used to extract the Sr by dissolving the apatite. Experiments will be conducted at four temperatures from 15C to 80C in order to determine the activation energy (likely diffusion control) and predict the Sr uptake rate at different temperature. From this "baseline" experiment, additional vials will be conducted:
• influence of Ca: 2 vials, apatite only, same solution but with 20:1, and 220:1 Ca:Sr, does the presence of Ca slow the Sr uptake rate
• influence of trace metals: 5 vials, apatite only, but groundwater (containing 220:1 Ca:Sr, and other trace metals). Does the presence of other metals slow the Sr uptake rate. Solid phase analysis of some of these.
• influence of sediment: groundwater + apatite + sediment (sufficient for 10x sorption on sediment compared with apatite). Hypothesize that the sediment slows uptake by apatite but not ultimate capacity
• Sr uptake rate and 500 pore volume and 3000 pore volume equivalence of Sr. Use groundwater plus additional Sr and Ca to increase the Sr uptake mass. Hypothesize that as Sr (5% for example) is substituted in the apatite structure, the additional uptake rate may be slower, as diffusion further into the structure is slower. These experiments may also be initiated with some Sr already in the Caapatite.
Comment 8. Citrate biodegradation rate.
Response. We agree that we need to understand the citrate biodegradation rate under varied conditions in the vadose zone. The apatite formation rate is rate limited by the citrate biodegradation rate (Task 1). We have considerable data in water-saturated systems at different citrate concentration (10 mM, 50 mM, 100 mM) and temperature (10°C, 15°C, 22°C) in Hanford sediments that show there is a 1.8x increase/ 10°C increase, and 3x increase (10 to 100 mM). In this proposed work, Task 1.1 describes determining the citrate biodegradation rate at different water saturation. We will also conduct some experiments at different microbial biomass concentrations to determine citrate biodegradation rates (Task 1.3). We have field data that shows that the microbial population in the water-saturated zone varies about 2 orders of magnitude and in the vadose zone is generally higher, but varies 4 orders of magnitude. An order of magnitude increase in biomass does not equate to the same increase in biodegradation rate, but will result in a more rapid increase as exponential growth will occur sooner.
Comment 9. Stakeholder concern on leaving Sr-90 in place.
Response. We have had three public workshops that describe the proposed apatite technology (by injection) and list leaving Sr-90 in place (until radioactive decay) as a weakness, along with requires wells for installation (injection technology) -some disturbance. We have gotten some comments about this issue. Our response is that Sr-90 is being decayed 3.6% per year (50% remaining after 30 years, 10% remaining after 100 years, <0.1% after 300 years) and if immobilized (in the aquifer or vadose zone) causes no adverse health impacts. In contrast, washed out into the river (or on river shore sediments), it is B.7 part of the food chain (demonstrated). Second, there are limitations as to the technology available. Sr-90 (Sr) does not undergo redox, so can be adsorbed (but this is temporary), be incorporated into apatite or other precipitate (permanent, dependent on solubility), is not effectively remediated by water pumping (due to proximity to the river and high K d (Rf of ~100)). It would be possible to mobilize about 90% of the Sr-90 by a high (1 M) salt injection, as we have conducted in laboratory experiments, but again the plume would not be controllable at the river shore, so this would likely result in a large increase in Sr-90 release to the river for years (although the long term problem would be smaller).
Comment 10. Nutrient loading and microbial increase.
Response. The details of the Ca-citrate-phosphate injection chemistry are described at the bottom of the first page of the review comments. We do inject (infiltrate) N, P, and an organic acid (citrate) and are expecting microbial growth. We have conducted considerable number of microbial growth (citrate biodegradation) experiments under various conditions (see comment 8) that will cover the range of our expected injections (10 mM citrate initial injection, subsequent injections are 70 mM citrate). We have not, however, conducted multiple sequential injections over several months, which, as the reviewers suggest, could result in considerable microbial increase (clogging). The citrate biodegradation rates we observe are generally days, so our injections of 8-12 h (planned) will generally occur with little biodegradation, so we expect little bioclogging during well injection. We have, in fact, conducted a 20-ft long 1-D column injection for 24 h and did not observe biofouling (generally observed nearly unretarded Ca and citrate breakthrough, some lag in phosphate breakthrough).
For the purpose of this proposed work on vadose zone infiltration, we expect that infiltration rates (water flux) rates will be slower than injection rates, so biofouling may be more of an issue than for well injection. This information was added to the proposal, and will be considered during the 1-D (Task 2) and 2-D (Task 5) infiltration experiments.
B.3 Implementation Strategy
Comment 11. Consider limited field tests.
Response. See comment 3, we agree that small field scale experiments are needed before implementation, but collaboration with Fluor on the current apatite injection study we are conducting small single-well injection experiment before implementation. We therefore expect that the small fieldscale studies would be conducted as part of Fluor-funded implementation, assuming results of this study are successful. Response: Although this was not stated, we are planning on using laboratory and field data collected in saturated systems to apply to the vadose zone application. We considered infiltration on the injection project (Fluor funded), but since did not have any data on the biodegradation rate under unsaturated B.8 conditions, nor the complexities as precipitation alters flow both vertically and laterally, hydrologically, we believe that well injection is more straightforward (and as a consequence being implemented first).
B.4 Proposed Performance Metrics Comment 14. Metrics are inadequate
Response: The following metrics were added to the proposal: Task 1. Go/no-go decision on citrate biodegradation occurs at low water saturation conditions that will be used during infiltration (50-100% saturation) (no = stop work, 6/07) Task 2. Go/no-go decision: apatite will form during 1-D infiltration in 100N sediments that is relatively uniform (no = stop work, 8/07) Task 3. Go/no-go decision: Sr is uptaken at a rate sufficiently rapid to exceed the Sr-90 average flux rate in water-saturated sediments (9/07, no = stop work) Task 3. Go/no go decision on implementation: the Sr capacity is < 1% in apatite (would be difficult to inject enough apatite to sequester Sr-90 for 300 years as the amount of apatite would fill most of the pore space (6/08) Task 5. Go/no go decision on implementation: A 2-D infiltration experiment can be conducted and a relatively uniform (vertically and laterally) apatite precipitation distribution obtained (no = no go, 12/07).
Comment 15. Monitoring program
Response. A field-scale monitoring program is planned for the apatite injection technology, and if the results of this proposal are successful, field infiltration (Fluor funded) will include a monitoring program. This will involve drilling to obtain cores with leaching studies: a) presence of apatite limits Sr-90 release from sediments, and b) apatite is present over a wide spatial area. Groundwater analysis or water extraction from vadose zone sediments will also be used to show Sr-90 release influence by the presence of apatite.
